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DPPCWe investigate the interaction between dipalmitoylphosphatidylcholine (DPPC) and a nitroxide spin label in
order to understand its inﬂuences on lipid structure and dynamics using molecular dynamics simulations. The
system was modiﬁed by covalently attaching nitroxide spin labels to the headgroups of two DPPC molecules.
(S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) (MTSL) was used as the
spin label. The label position and dynamics were analyzed as was the impact of themodiﬁed DPPC on the structure
of the surrounding lipids. The modiﬁed DPPC molecules locate closer to the center of the membrane than
unmodiﬁed DPPC molecules. The rotation of the spin label is unrestricted, but there are favored orientations.
MTSL depresses the deuterium order parameters of the carbon atoms close to the headgroup in surrounding
DPPC molecules. The spin label has no impact on order parameters of carbon atoms at the end of the lipid tails.
The lateral diffusion constant of the modiﬁed DPPC is indistinguishable from unmodiﬁed DPPC molecules. These
novel computational results suggest an experimental validation.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
In many experimental studies of lipid bilayers modiﬁed lipids are
introduced to enable certain experimental techniques. Fluorescent
lipids are regularly used to study lipid membranes using ﬂuorescence
microscopy [1,2]. Recently a number of computational studies investi-
gated how such modiﬁed lipids change the behavior of the membrane
under study [3–5]. Typically a number of differences are found which
lead to the conclusion that we have to be very careful when we want
to use results based onmodiﬁed lipids to learn about unmodiﬁed lipids.
Given their ability to report on both orientation andmotionswithin the
0.1 to 10 ns time domain, modiﬁcations of lipids with nitroxide spin
probes can be particularly useful in describing membrane organization
and dynamics. However, there are very few simulation studies of spin
markers inmembranes available in the literature [6–9]. In this contribu-
tion we address how an Electron Spin Resonance (ESR) spin marker
inﬂuences locally the structure and dynamics of a lipid bilayer.
ESR spinmarkers have been used to study the structure of membrane
proteins [10,11], as well as lipids and their interactions with membrane
proteins [12]. Spin probes have also been used to study native [13,14]
and synthetic [15] lipoprotein particles,which have proven to be valuable
mimics for the biophysical analysis of membrane systems. NMR analysis
of such large assemblies generally requires solid-state approaches [16],ineering andMaterials Science,
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ights reserved.limiting their practicality. Crystallographicmethods are limited to a static
state of the system. Due to these drawbacks, NMR and X-ray crys-
tallography do not represent practical tools for examining the
structure and dynamics of lipid bilayer systems. However, ESR
experiments show good performance in revealing insight into complex
structures and dynamics [17]. Biochemical systems, due to their elec-
tronic structure, are not generally ESR active. For this purpose paramag-
netic probes are employed, these are most commonly nitroxide spin
labels that contain a stable radical [18]. The ESR spectrum of the
nitroxide is highly sensitive to nanosecond motions occurring in the
X-band time domain (10−10 − 10−8s), and is therefore an ideal meth-
od for probing the order of targeted domains within the lipid bilayer
[19]. ESR lineshapes are dependent upon motional averaging of the
hyperﬁne anisotropy, and therefore reﬂective of the internal dynamics
(and orientation in aligned samples). Rates and amplitudes of motion
are garnered from the analysis of the spectral line widths [20]. ESR
spectroscopy can therefore be used to study biomolecular structure
and dynamics. Structural information can also be obtained by evaluating
dipolar coupling between proximal (r b 2.2 nm) spin label molecules
since the dipole–dipole coupling shows a distance dependence [21].
Dipolar coupling produces it own characteristic broadening that can be
deconvoluted into Pake patterns for distance calculations [22]. Pulsed
methods can measure signiﬁcantly longer interspin distances (5 nm or
more), however these approaches require the freezing of the sample.
One can introduce stabilized radicals like (S-(2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate) (MTSL)
into the biological system using site directed spin labeling (SDSL) [23].
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reveal insight into the structure and dynamics assuming that spin labels
do not signiﬁcantly alter the system behavior. ESR has been used to
study lipid bilayers by incorporation of spin labels without chemical
bonding where the preferred orientation of spin labels has been deter-
mined and possibilities to magnetically align membranes have been
explored [24,25].
The present study focuses on the molecular modeling of a DPPC
bilayer in order to investigate the interactions betweenMTSL as a cova-
lently bound spin label and the surrounding lipids. First, we describe the
model with equilibration and simulation details. A discussion of the
simulation results and conclusions are also provided.2. Model building
The investigated system is a DPPC bilayerwith 512 lipids solvated by
30720 SPC water molecules [26]. In each monolayer one molecule was
modiﬁed by a covalently bound MTSL spin label. Fig. 1 shows the mod-
iﬁed DPPC molecule. The lipids to be modiﬁed were chosen at random.
The only constraintwas to prevent bending of themembrane by placing
amodiﬁedmolecule in each layer. The choice of the initial conformation
of the lipid is furthermore irrelevant due to the quick equilibration. The
simulation box had the average dimensions of 12.0 nm in x-direction,
13.6 nm in y-direction and 9.7 nm in z-direction, with about 5.8 nm of
water layer between membranes due to periodic boundary conditions.
The labeled DPPC was geometrically optimized by ORCA 2.9 [27]
using an Unrestricted Kohn–Sham (UKS) Density Functional Theory
(DFT) approach using the local spin density (LSD) functional and the
Slater exchange functional [28,29], an Xα parameter of 0.666667 and
the VWN-5 correlation functional [30]. The orbitals were expanded in
the split valence double zeta basis 3-21G. Very slow convergence was
enhanced using the resolution of identity (RI) approximation [31]
with the DeMon–J auxiliary basis for the calculation of the Coulomb in-
tegrals [32–39]. For the optimization the molecule was divided into a
constrained part (black in Fig. 1) and a ﬂexible part (red). Bond lengths
and angles in the constrained part were ﬁxed.
Löwdin population analysis leads to the partial charges for the
modiﬁed DPPC molecule [40]. This method derives partial charges
from the density and overlap matrices calculated by a self-consistent
ﬁeld procedure. Those charges were used as they were easily avail-
able from the already performed geometry optimization. The partial
charges were used to develop a topology for the modiﬁed DPPC
together with available topologies of DPPC [41] and MTSL [42]. We
did not use a torsional potential around the S–S bond which might
lead to differences compared to other studies [44]. Also X-ray studiesFig. 1. Structure of dipalmitoylphosphatidylcholine modiﬁed with (S-(2,2,5,5-tetramehave recently investigated the importance of the rotation around
this bond [43]. The charges were calculated for the whole modiﬁed
DPPC molecule in its DFT-optimized geometry, but we used the
MTSL partial charges only for the MD in a manner that the molecule
remained neutral. Charges of hydrogen atoms were subsumed to the
corresponding carbons. The bonding parameters for the DPPC part
were the same as in the unmodiﬁed DPPC. A united atom model de-
scribes methyl and methylene. Parameters for bond lengths, angles
and dihedrals of MTSL were adopted from Oganesyan [42]. The com-
plete topology can be found in the Supporting Information. The DPPC
model is based on the 43A1-S3 force ﬁeld [41,45–48]. This force ﬁeld
has been parameterized based on molecular volumes and heats of
vaporization of small components of lipids. The parameters were
validated earlier by MD simulations to replicate experimental struc-
tures of bilayers including X-ray form factors, electron densities,
NMR order parameters and molecular volumes [41]. It is also very
useful for identifying lipid phases [49].
3. Molecular dynamics simulations
All MD simulations were performed in Gromacs 4.5.4 [50] using
Particle Mesh Ewald electrostatics with a real-space Coulomb cutoff
of 1.2 nm [51]. The van der Waals interactions were cut off at
1.6 nm which is rather long but often used with this force-ﬁeld.
The neighbor searching algorithm used a twin-range approach: the
neighbor list was cut off at 1.2 nm and updated every tenth step, but
neighbor searching included all interactions within a second cut off of
1.6 nm. All bonds were constrained using the LINCS algorithm [52].
3.1. Equilibration
System equilibration started with a bilayer consisting of 128 DPPCs
solvated by 7680 waters. As equilibration criterion the stabilization of
the area per headgroup was used due to its slow convergence [53].
We deﬁne the area per headgroup as the projected area in the
xy-plane. The initial value of 0.52 nm2 was too small compared to ex-
perimental and other computational values at 323 K, which are in the
range of 0.61 to 0.65 nm2 [53–56]. Therefore the system was scaled in
x- and y- directions and then re-equilibrated for 40 ns with a timestep
of 2 fs using the Berendsen thermostat at 325 K with a coupling con-
stant of 0.2 ps. The pressure was coupled semi-isotropically with the
Berendsen barostat at 1 atm and a coupling constant of 2.0 ps. x- and
y- directions were coupled independently from the z-direction. After
40 ns the area per headgroup reached an equilibrium value of 0.63 nm2
in good agreement with the data mentioned above.thyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) (MTSL) (red).
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ed to 512 DPPCs as suggested by Skaug et al. [5] and one DPPCmolecule
in each layer was replaced by a geometry optimized modiﬁed DPPC
molecule. A snapshot of the modiﬁed DPPC membrane after setup can
be found in Fig. 2 (left).
After this expansion and introduction of themodiﬁed molecules the
energy was minimized by steepest descent without constraining bond
lengths or angles. The minimization converged after 821 steps. Further
relaxation was achieved via a NVT simulation for 1 ns with a timestep
of 0.1 fs and a strict Berendsen thermostat for the membrane and the
water separately with coupling constants of 0.01 ps.
3.2. Simulation of the lipid system
The production trajectory of the lipid system was calculated for
50 ns using a timestep of 2 fs keeping the number of particles, temper-
ature and pressure constant. The Nosé–Hoover thermostat [58,59] was
used at 325 K with a coupling constant of 0.4 ps coupling water and
membrane separately. The pressure was maintained at 1 atm semi-
isotropically with the Parinello–Rahman barostat [60] and a coupling
constant of 1.0 ps. The coordinates and velocities were written every
nanosecond, energy every 0.2 ps.Fig. 2. Left: Snapshot of themembrane after insertion of the labeled lipids. Right: Snapshot after
brane than the unmodiﬁed headgroups. The system was visualized using VMD [57]. The phosp4. Results and discussion
4.1. Position of the spin label in the bilayer
Partial densities of the different compounds were calculated. We
expect the label to arrange at the surface of the bilayer as it consists of
both hydrophobic alkyl groups and the polar nitroxide group. Fig. 2
(right) shows a snapshot of the system after 50 ns. (Compare to the
initial structure on the left hand side.) The modiﬁed DPPC molecules
are completely beneath the phosphorus atoms of the DPPC headgroups
inside the lipid membrane. This observation is consistent with the
density proﬁle in Fig. 3. The label is closer to the center than to the
headgroups. MTSL prefers hydrophobic interactions with the tails over
water. The headgroup to which it is attached resides deeper in the
membrane as well. It is located about 1.0 nm from the center while
the regular headgroups are about 1.9 nm from the center. The headgroup
includes the atoms C1–3, N4, C5–6, O7, P8, O9–11. The distance between
the headgroups and the center of the membrane was calculated as the
average between the distances of the partial density maxima of both
headgroups and the center. The distance of the headgroups results in an
average membrane thickness of 3.8 nm in agreement with literature
values of simulations [61] and experiments [62].50 ns of simulationwhere themodiﬁed labeledmolecules are located deeper in themem-
horus atoms and the modiﬁed DPPC molecules are highlighted. Water is not shown.
Fig. 3.Partial densities ofDPPC,water, the spin label, labeled and regular headgroups along
the bilayer normal. The density maxima of the spin label and the headgroups of the mod-
iﬁedDPPC are closer to themembrane center (at z = 4.3 nm) than the densitymaxima of
the DPPC headgroups. The density of the spin label and the headgroup of the modiﬁed
DPPC were scaled by a factor of 10. The curves were smoothed using the acsplines option
of Gnuplot [63]. Densities below 0 are an artifact from this smoothing.
a
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and unlabeled lipids the radial distribution function between the
nitrogen (N4) in the cholines of the labeled headgroups and the
phosphorus (P8) in the other lipids was calculated (cf. Fig. 4). We
see that the choline of the labeled headgroup is relatively close to
the surrounding phosphates again showing that the modiﬁed lipid
headgroups do not completely line up with the other headgroups
but are closer to the center.4.2. Orientation and rotational motion of the spin label
The angle between themembrane normal and theN(1)–O(1) vector
(Fig. 1) of the labels was monitored in non-overlapping 10 ns intervals.
The label shows a high ﬂexibility. The angular probability distributions
change multiple times over the course of the simulation. Fig. 5 depicts
the probability distributions.Fig. 4. Radial distribution functions between the nitrogen (N4) in the cholines of the
labeled headgroups and the phosphorus (P8) in the other lipids.A random angle distributionwould be sinusoidal due to the Jacobian
of the polar to Cartesian coordinate transformation of the probability
distributions. So we divided the distributions by sin θπ180ð Þ where θ is the
angle between the membrane normal and the N(1)–O(1) vector of the
label (Fig. 6). The ﬁrst label shows a distinctive increase in the
probability for angles around 125∘, the angle of the second label
shows a bimodal distribution around 55∘ and 180 − 55 = 125∘. The
deviations from the random distribution imply that dipolar couplings,
that are dependent on the relative orientation of the dipoles, are
not averaged out completely. This might lead to a splitting of signals.
The time evolution of the angle distribution might also depend on
the equilibration.
Generally, the motion of the spin labels is determined by three
contributions [64]: the motion around an individual rotameric state
is very quick and has a time constant of 50 to 100 ps, rotameric
transitions, where one state can be stable over more than 5 ns,
and the diffusion of the molecule. Lipid ﬂip-ﬂop from one membrane
layer to the other happens on timescales exceeding simulation time
[18]. We therefore expect an initial relaxation time of 50 to 100 ps for
the spin label itself and a larger contribution from the whole molecule
due tomotional hindrance. In order to investigate the rotational dynam-
ics, the rotational autocorrelation functions (ACF) of the N(1)–O(1) vec-
tor and the normal vector to the plane spanned by the glycerol atoms
C(12), C(13) and C(32) were calculated. The N(1)–O(1) vector was
used to determine the relaxation of the motion of the spin label,
the glycerol atoms were chosen to investigate the motion of the
whole molecule. The rotational ACF is deﬁned as
Cp tð Þ ¼
Z ∞
0
P2 cos p ð Þ; p þ tð Þð Þð Þd ð1Þb
Fig. 5. Left: Probability distribution of the angle between the membrane normal and the
N–O vector of one of the spin labels during 10 ns intervals. Right: Same for the second
labeled lipid.
Fig. 6. Left: Deviation of the probability distribution of the angle between the membrane
normal and the N–O vector of one of the spin labels from a random distribution for one
label. Right: Same as (a) for the second label.
b
a
Fig. 7. (a) Rotational autocorrelation function of the vector between the membrane normal
and the N(1)–O(1) vector. (b) Rotational autocorrelation function of the normal of the plane
spanned by the glycerol atoms C(12), C(13) and C(32). The red curves show the ﬁtted
bi-exponential function, green indicates the Kohlrausch–Williams–Watts ﬁts.
Table 1
Fitted parameters for the rotational autocorrelation function of the N(1)–O(1) vector of
the spin label.
Part of trajectory Fit function τcorr/ps a/ps b c
Whole Bi-exponential 1450 40 1620 ps 0.47
Whole KWW 1400 440 0.408
First half Bi-exponential 1130 30 1660 ps 0.44
First half KWW 1200 570 0.478
Last half Bi-exponential 780 30 1110 ps 0.43
Last half KWW 800 400 0.491
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polynomial. The rotational ACF (Fig. 7a) of the N(1)–O(1) vector shows a
multiexponential decay and relaxes completely during the simulation so
that there is no indication for a restricted motion. We used the following
ﬁts, a bi-exponential
y ¼ c exp − x
a
 
þ 1−cð Þ exp − x
b
 
ð2Þ
and a Kohlrausch–Williams–Watts (KWW) function [65]
y ¼ exp − x
a
 b 
: ð3Þ
The KWW function is a linear combination of inﬁnitely many
exponentials with various relaxation times and is commonly used
to describe complex relaxation. Table 1 shows the ﬁtted parameters.
Neither ﬁt represents the correlation function very well. While the
bi-exponential function ﬁts better for t b 4000 ps, KWW is better
for longer times. In order to see if the relaxation times are indepen-
dent of simulation time, we calculated the rotational ACF for the
ﬁrst and the last halves of the trajectory and found some differences.
In the bi-exponential ﬁts the relaxation time of the last half is about
30% shorter than for the ﬁrst half and b for the ﬁrst half is about a
third smaller than for the second half. The differences in the KWW
correlation time and parameter a are similar.
The bi-exponential ﬁt yields a relaxation time of about 1450 ps. 47%
of the motion de-correlates with a time constant of a1 = 40 ps while
the rest relaxeswith a time constant of a3 = 1600 ps. The fastermotion
corresponds to the rotation of the spin label, the slower motion to
hindered rotation. The ﬁt to the KWW function leads to a relaxation
time of 1400 ps consistent with the bi-exponential ﬁt.The rotational ACF of the glycerol plane characterizes the rotation of
the whole molecule. It was again ﬁtted to functions of the form in
Eqs. (2) and (3) (Fig. 7b and Table 2). Both ﬁts are worse than for the
O–N vector and the difference in the parameters for different parts of
the trajectory is larger.
4.3. Structural inﬂuences
The local impact of the spin label on the bilayer structure was inves-
tigated. For different time frames all positions of DPPCmolecules (based
on C(13) atoms) with a distance to the label smaller than 1 nm, be-
tween 1 nm and 2 nm, between 2 nm and 3 nm and larger than 3 nm
were extracted. The deuterium order parameter was then calculated as
SCD ¼−
3b cos2θ−1N
2
ð4Þ
Table 2
Fitted parameters for the rotational autocorrelation function of the normal vector to the
plane spanned by the glycerol atoms of the spin label.
Part of trajectory Fit function τcorr/ps a/ps b c
Whole Bi-exponential 1820 180 5130 ps 0.75
Whole KWW 1010 320 0.312
First half Bi-exponential 1650 190 13170 ps 0.82
First half KWW 850 200 0.237
Last half Bi-exponential 1070 70 1730 ps 0.52
Last half KWW 1000 470 0.458
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C(i − 1)–C(i + 1) for C(i) averaging over both tails. Lipids were as-
sumed not to leave their assigned section during 5 ns as conﬁrmed by
the mean square displacement (MSD). Fig. 8 shows SCD of the DPPC
tail carbon atoms as a function of the distance to the spin label.
The order parameter is depressed for the DPPCs closest to the
spin label. The label strongly inﬂuences the four carbons closest to the
headgroup. Carbons 5 to 13 do not show a signiﬁcant change of SCD.
For DPPC molecules closer than 1 nm C(5) has the maximum order
parameter. For larger distances the maximum SCD is on C(4) which
shows a very local impact of the spin label.
Furthermore, the membrane thickness was investigated using
GridMAT-MD 1.0.3 [67]. It calculates the distance between a lipid
in the top leaﬂet and a lipid in the bottom leaﬂet in close proximity in
x- and y- directions based on a reference atom. In a homogenous mem-
brane both distances are the same. In undulating structures this may
differ. The bilayer area was evaluated on a 89 × 100 grid as an average
of bottom and top layer. The plot of the local membrane thickness can
be found in Fig. 9. The larger rectangle marks the area of the labeled
lipids, the smaller rectangle marks the spin labels. The lipid part of the
labeled DPPC molecule has no impact on membrane thickness, while
the spin label appears to locally reduce thickness weakly.
4.4. Lateral diffusion
ESR measures lateral diffusion of lipids [68] assuming that diffusion
does not change under labeling. Thus, we compare the lateral diffusion
of DPPC and labeled DPPC molecules. The modiﬁed DPPC molecule has
an increased volume and surface area which may slow it down. Fig. 10Fig. 8. Deuterium order parameter SCD of DPPC tail carbons for different distances between the
error was estimated via block averaging [66]. The error bars for a distance smaller than 2 nm ashows MSDs of modiﬁed and unmodiﬁed DPPC molecules. The system
might not be fully equilibrated. The diffusion constants in the
membrane bilayer were calculated from
D ¼ b r t0 þ tð Þ−r t0ð Þð Þ
2N
4t
ð5Þ
where r2 = x2 + y2, i.e. we ignore any motion perpendicular to the
membrane. The lateral diffusion constant of the modiﬁed DPPC
molecules is 3:49 0:31½   10−7cm2s . The diffusion constant of the
DPPC molecules is 2:97 0:16  10−7
h i
cm2
s . Experimental data from
NMR experiments of 1:46  10−7cm2s for the lateral diffusion coefﬁcient
of DPPC is on the same order of magnitude [69].
MSDswere ﬁtted from 2.5 ns to 20 ns since this represents the time
spanwithout too large ﬂuctuations. The error estimate given is the differ-
ence between two ﬁts, one at the beginning and one at the end of the
ﬁtted region. It does not account for statistical errors resulting from the
different sample sizes. Within the margin of the error the diffusion
constants are indistinguishable.
5. Conclusion
The structural inﬂuence of MTSL as a nitroxide spin label in a DPPC
bilayer was investigated by MD. Attachment of the spin label enhances
hydrophobic interactions of the labeled lipids with their surroundings.
Hence headgroups bearing a spin label are located about 1.0 nm apart
from the center of the membrane, while the headgroups of DPPC
are located about 1.9 nm apart from the center. This is in agreement
with earlier simulations on a different spin-label with labeling in the
tail region [8] where it was also found that the label stays in the hy-
drophobic region. The environment of the spin label therefore might
have an inﬂuence on the behavior of the spin label. E.g. conﬁned in a
small hydrophobic environment movements might be restricted. The
angle distributions between the spin label and the membrane normal
deviate from the randomdistribution. Narrowing the angular distribution
of the nitroxide's principal axismay increase the anisotropy of the hyper-
ﬁne splittings due to the loss of orientational averaging. Thus assumptions
of principal axis randomization in spectral simulations and ﬁtting should
be made with caution. However, the direct measurement of the angularDPPC molecule and the spin label. The parameter was averaged over both lipid tails. The
re displayed. The errors become smaller with larger distance due to better sampling.
Fig. 9. Local membrane thickness. The larger rectangle marks the area where the modiﬁed dipalmitoylphosphatidylcholine molecules can be found, the smaller rectangle marks the spin
labels.
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[24]. Furthermore the spin label disturbs the local membrane structure.
SCD is clearly depressed for the carbon atom tails of the DPPC molecules
closer than 1 nm to the spin label. The MTSL spin label speciﬁcally
reduces the ordering of the ﬁrst four carbon atoms in the tail. For lipids
further away the inﬂuence is at best weak. No change of the membrane
thicknesswas seen. This is in at least partial agreementwith recent exper-
imental data [70] where a related headgroup labeled lipid was studied.
The experiments speak for a location of the headgroup close to the
interface but it is not conclusive how close this localization is exactly.
The modiﬁcation of DPPC therefore has only local inﬂuences on the
system but they might be important to interpret ESR experiments. This
is in agreement with other studies [5,8] which also found that the label
effects are locally conﬁned but in this local environment typically the
order parameters are depressed and the areas per molecule increased.
The diffusion of the DPPC molecules was not changed by the at-
tached label, but since the error estimate for the diffusion constant
in both cases is relatively large the data cannot be used to verify
the assumption that there is no difference in diffusion. Diffusion
data from an ESR experiment should be used with care. In order toFig. 10. Mean squared displacement of the modiﬁed and unmodiﬁed dipalmitoyl-
phosphatidylcholine molecules. The diffusion constant was ﬁtted from 2.5 ns to
20 ns.study the diffusion inmore detail longer simulations and/or simulations
at higher concentrations would be useful in order to minimize the
errors. Additionally, these novel computational results suggest
additional experimental validation.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2013.07.030.
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